Inner ear hair-cell mechanoelectrical transduction is mediated by a largely unidentified multiprotein complex associated with the stereociliary tips of hair bundles. One identified component of tip links, which are the extracellular filamentous connectors implicated in gating the mechanoelectrical transduction channels, is the transmembrane protein cadherin 23 (Cdh23), more specifically, the haircell-specific Cdh23(ϩ68) splice variant. Using the intracellular domain of Cdh23(ϩ68) as bait, we identified in a cochlear cDNA library MAGI-1, a MAGUK (membrane-associated guanylate kinase) protein. MAGI-1 binds via its PDZ4 domain to a C-terminal PDZ-binding site on Cdh23. MAGI-1 immunoreactivity was detectable throughout neonatal stereocilia in a distribution similar to that of Cdh23. As development proceeded, MAGI-1 occurred in a punctate staining pattern on stereocilia, which was maintained into adulthood. Previous reports suggest that Cdh23 interacts via an internal PDZ-binding site with the PDZ1 domain of the stereociliary protein harmonin, and potentially via a weaker binding of its C terminus with harmonin's PDZ2 domain. We propose that MAGI-1 has the ability to replace harmonin's PDZ2 binding at Cdh23's C terminus. Moreover, the strong interaction between PDZ1 of harmonin and Cdh23 is interrupted by a 35 aa insertion in the hair-cell-specific Cdh23(ϩ68) splice variant, which puts forward MAGI-1 as an attractive candidate for an intracellular scaffolding partner of this tip-link protein. Our results consequently support a role of MAGI-1 in the tip-link complex, where it could provide a sturdy connection with the cytoskeleton and with other components of the mechanoelectrical transduction complex.
Introduction
Cadherin 23 (Cdh23) is an atypical cadherin protein with up to 27 extracellular cadherin repeats, a transmembrane domain, and a short cytoplasmic domain. Mutations in the human CDH23 gene cause Usher (USH) syndrome, which is defined by the association of hearing loss with retinitis pigmentosa (Gorlin et al., 1995) . Nine USH genes have been identified to date. It has been shown that most USH proteins localize to the stereocilia of sensory hair cells, where many of them are able to interact with each other (Adato et al., 2005a; El-Amraoui and Petit, 2005) .
The murine Cdh23 gene gives rise to several splice variants, encoding proteins with different numbers of extracellular cadherin repeats (Lagziel et al., 2005) . A second type of alternative splicing of the Cdh23 gene involves the inclusion of exon 68, which encodes part of the cytoplasmic domain of the Cdh23(ϩ68) isoform that is preferentially expressed in the inner ear (Di Palma et al., 2001b) , where it has been reported as the exclusive isoform expressed by hair cells (Siemens et al., 2004) . It has been suggested that Cdh23(ϩ68), in conjunction with the USH protein protocadherin 15 (Pcdh15), forms tip links (Siemens et al., 2004; Kazmierczak et al., 2007) , which are filamentous connectors of the tips of shorter stereocilia with the sides of their longer neighboring stereocilia. Tip links play a crucial role in hair-cell mechanotransduction by translating mechanical forces that lead to gating of the transduction channels. Moreover, in neonatal hair cells, Cdh23 is also part of the transient lateral stereociliary and kinociliary links (Michel et al., 2005; Kazmierczak et al., 2007) .
The internal PDZ domain-binding site of Cdh23's intracellular domain interacts with the PDZ1 domain of harmonin. A weaker second interaction site of these two proteins involves Cdh23's C-terminal PDZ domain-binding site and PDZ2 of harmonin (Boëda et al., 2002; Siemens et al., 2002) . The internal PDZ domain binding site in Cdh23 is disrupted in the hair-cellspecific Cdh23(ϩ68) isoform, which leads to starkly reduced general binding of harmonin to this isoform when compared with that of the more widely expressed Cdh23(Ϫ68) variant (Siemens et al., 2002) . Because the Cdh23(ϩ68) isoform has been put forward as part of the tip-link complex (Siemens et al., 2004; Kazmierczak et al., 2007) , we speculated that other proteins, beside harmonin, might provide a more robust scaffolding network for the Cdh23(ϩ68) intracellular domain in hair-cell stereocilia.
To build on this hypothesis, we conducted yeast two-hybrid screens of a cochlear cDNA library with the Cdh23(ϩ68) intracellular domain. We isolated MAGI-1, a member of the membrane-associated guanylate kinase (MAGUK) protein family (Dobrosotskaya et al., 1997) that contains 6 PDZ domains, 2 WW domains, and 1 guanylate kinase-like (GuK) domain, making it an ideal scaffold for organizing multiple proteins into a protein complex. MAGIs display an inverted domain organization when compared with other MAGUKs, which is reflected in the name MAGI: MAGUKs with Inverted orientation. Three MAGIs have been identified, MAGI-1, MAGI-2, and MAGI-3. Here we show that only MAGI-1, but not MAGI-2 or MAGI-3, binds via its PDZ4 domain to the C-terminal PDZ domain-binding site of Cdh23(Ϫ68) and Cdh(ϩ68). By immunolabeling, we show that, like Cdh23, MAGI-1 is localized throughout neonatal hair-cell stereocilia and in a punctate staining pattern in older specimens. Our data suggests that MAGI-1 is an ideal candidate for association with the C terminus of Cdh23 beneath the stereociliary plasma membrane of interstereociliary links.
Materials and Methods
Yeast two-hybrid screen. The yeast two-hybrid screen was performed as described previously (Cuajungco et al., 2006) with the following modifications. For bait plasmid construction, we PCR amplified cDNA encoding the C-terminal 265 aa of chicken cdh23(ϩ68) from chicken cochlear cDNA, cloned it in-frame into vector pBD-GAL4 Cam (Stratagene), and verified the sequence. The yeast strain AH109 (Clontech), transformed with this bait plasmid, was then transformed with a chicken basilar papilla cDNA library in the HybriZAP two-hybrid vector (Heller et al., 1998) . HIS3 was used as the reporter gene for the screen, and its autoactivation was suppressed with 2.5 mM 3-amino-1,2,4-triazole. Five million transformants were selectively screened, and positive colonies were tested for activation of two other reporter genes, ADE2 and lacZ. The pAD-GAL4-based phagemid vectors in triple-positive yeast colonies were recovered, and cDNA inserts were sequenced. The cDNA encoding for PDZ2-PDZ5 of chicken MAGI-1 was used for reversed yeast twohybrid screen according to the same protocol. A total of 2 ϫ 10 6 transformants were screened in the presence of 10 mM 3-amino-1,2,4-triazole.
Expression vectors. All cDNA sequences described here are mouse unless indicated otherwise. HA-MAGI-1c and Myc-MAGI-1c are gifts from K. M. Patrie (University of Michigan, Ann Arbor, MI). Different domains of MAGI-1c were subcloned into pEGFP-C2 as follows: PDZ0 (1-110 aa), GuKc (106 -300 aa), WW (296 -440 aa), PDZ1 (441-620 aa), PDZ2 (621-814 aa), PDZ3 (815-960 aa), PDZ4 (961-1100 aa), PDZ5 (1101-1232 aa), and Cter (1232-1471 aa). Myc-MAGI-1c⌬PDZ4 that encodes Myc-tagged MAGI-1c without PDZ4 (961-1100 aa) was constructed using PCR. Myc-Cdh23 is a gift from K. Noben-Trauth (National Institute on Deafness and Other Communication Disorders, Rockville, MD) and consists of Cdh23 cDNA encoding for the first three extracellular cadherin (EC) repeats (1-348 aa) fused to cDNA encoding the protein's C terminus [2975-3354 aa in Cdh23(ϩ68), 2975-3319 aa in Cdh23(Ϫ68)] including the transmembrane domain. For protein manipulation, we added His and c-Myc tags between the signal peptide and the first EC repeat. The cDNA encoding for the cytoplasmic domain of Cdh23 was PCR amplified and cloned into pHA-RK5 to generate an expression vector for HA-Cdh23-Cter. The cDNA encoding for the last 108 aa (or 104 aa, missing the last 4 aa, "ITEL") at the C terminus of Cdh23 was PCR amplified and cloned into pcDNA3.1(ϩ) to generate expression vectors for Myc-Cdh23-Cend and Myc-Cdh23-Cend(-ITEL). Harmonin and MAGI2-PDZ4 (888 -1056 aa), and MAGI3-PDZ4 (825-977 aa) cDNAs were amplified from mouse organ of Corti cDNA and cloned into pcDNA3.1(ϩ). Myc-MAGI-2 (rat) cDNA is a gift from X. Zha (Fudan University, Shanghai, China) and MAGI-3-His (human) cDNA is a gift from Y. Hata (Tokyo Medical and Dental University, Tokyo, Japan).
Coimmunoprecipitation. HEK293 cells were transfected with the expression vectors using GeneJammer transfection reagent (Stratagene). Transfected cells were washed with PBS 24 -48 h after transfection and lysed in ice-cold lysis buffer consisting of 150 mM NaCl, 50 mM Tris at pH 7.5, 1% (v/v) Triton X-100, 1 mM PMSF, and 1 ϫ protease inhibitor cocktail (Sigma-Aldrich). For immunoprecipitation, we used immobilized monoclonal anti-c-Myc agarose beads (Pierce) and performed the experiments according to the manufacturer's recommendation. After 2 h of incubation at 4°C, immunoprecipitated proteins were washed five times with washing buffer (a modified lysis buffer containing 500 mM NaCl instead of 150 mM), separated by PAGE, then transferred to nitrocellulose membrane and detected with an Odyssey Infrared Imaging System (LI-COR Biosciences).
RT-PCR. Total RNA was isolated from postnatal day 5 mouse (C57BL/6) tissues using RNeasy Micro Kits (Qiagen) and reversetranscribed into cDNA using SuperScript III (Invitrogen) with oligo-dT. Polymerase chain reaction was performed using this cDNA as the template with the following primers: ␤-actin sense, 5Ј-ACGGCCAGGT-CATCACTATTG-3Ј, antisense, 5Ј-AGGGGCCGGACTCATCGTA-3Ј (372bp); MAGI-1a sense, 5Ј-GTCTTCGAGGGGGCCGAGAATATA-ACATGG-3Ј, antisense, 5Ј-TGGAGTCATGCCAGGGAAGGAAG-3Ј (277bp); MAGI-1b/c sense, 5Ј-GTCTTCGAGGGGGCCGAGAATAT-AACATGG-3Ј, antisense, 5Ј-GGTGGAGGGGCCGTTCCTGTCG-3Ј (1b variant 349bp, 1c variant 260bp); Cdh23 sense, 5Ј-GACAACATCGCC-AAGCTG-3Ј, antisense, 5Ј-GCAAGCTGTTGAGATCAGTGG-3Ј (ϩ68 variant 316bp, Ϫ68 variant 211bp). To achieve the best possible sensitivity and specificity, we adjusted cycle lengths for different PCR reaction sets to between 30 and 33 cycles, and annealing temperatures to between 60 and 62°C.
Whole-mount immunocytochemistry. All animal procedures followed guidelines set forth by the National Institutes of Health. Samples of organ of Corti from BALB/c mice were fixed with cold 4% paraformaldehyde in PBS for 30 min, then permeabilized and blocked with PBT1 (0.1% Triton X-100, 1% BSA, 5% heat-inactivated goat serum in PBS at pH 7.3) for 30 min. All steps were performed at room temperature unless otherwise indicated. Samples were incubated overnight at 4°C with 20 g/ml rabbit anti-MAGI-1 antibody (H-70, Santa Cruz Biotechnology), or rabbit anti-Cdh23 antibody raised against amino acids 3,133-3,291, and affinity purified using a peptide with the amino acid sequence encoded by exon 68 (Siemens et al., 2004 ) a gift from U. Müller (The Scripps Research Institute, La Jolla, CA). The commercially available MAGI-1 antibody was raised against the N-terminal 70 aa. We confirmed the MAGI-1 antibody specificity by Western blot (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material) and by immunolocalization of an EGFP-MAGI-1 fusion protein expressed in HEK293 (Fig.  S2 , available at www.jneurosci.org as supplemental material) and LLC-PK1 cells (data not shown), where the immunostaining completely colocalized with the green fluorescence. A control EGFP-MAGI-1 fusion protein lacking PDZ0 (amino acids 1-110) was not immunostained by MAGI-1 antibody (Fig. S2 , available at www. jneurosci.org as supplemental material). For blocking, we used a combination of three overlapping MAGI-1 peptides covering amino acids 1-30, 21-50, and 41-70 at a final concentration of 300 g/ml per peptide. The antibody was preincubated in these peptides for 2 h before immunodetection. We used two additional antibodies: monoclonal anti-MAGI-1 (cat# H0009223-M03; Novus Biologicals) and rabbit anti-MAGI-1 (cat# M5691; Sigma) to confirm MAGI-1 immunostaining. Both antibodies required a 15 min-treatment with 1% SDS in PBS before blocking, and overnight incubation of the primary antibody at 30°C, which resulted in poor stereociliary morphology. After primary antibody staining, the samples were washed twice with PBT1 for 10 min and twice with PBT2 (0.1% Triton X-100, 0.1% BSA in PBS) for 5 min, and incubated with 7.5 g/ml FITC-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch) in PBT2 for 2 h, followed by two 5 min PBT2 washes. Samples were incubated with 4 g/ml TRITC-conjugated phalloidin in PBS for 20 min, followed by three 5 min washes with PBS, then mounted in Cytomation fluorescent mounting medium (Dako) and imaged with a confocal microscope (LSM Pascal; Zeiss).
Results

MAGI-1 is a Cdh23 interaction partner
To identify Cdh23 interaction partners, we carried out yeast twohybrid screens of a chicken basilar papilla cDNA library using the intracellular part of chicken Cdh23(ϩ68) protein as a bait. We noticed a strong interaction with a cDNA library clone encoding the chicken MAGUK protein MAGI-1 (GenBank accession number XR_027096). MAGI-1 occurs in three splice variants: 1a, 1b, and 1c, which have different C termini (Dobrosotskaya et al., 1997) . The cDNA that we isolated corresponded to MAGI-1c. In a reversed library screen using a partial chicken MAGI-1c protein encoding PDZ domains 2-5 as bait, we reciprocally identified a truncated chicken Cdh23 cDNA clone encoding the 213 C-terminal amino acids of the Cdh23(ϩ68) isoform. The unambiguous identifications attained with yeast two-hybrid screens from a complex pool of millions of yeast transformants in each individual experiment suggested a strong interaction between these two proteins.
For coimmunoprecipitation experiments, we switched species from avian to rodent, and we confirmed the interaction of Cdh23 with MAGI-1c. Myc epitope-tagged murine Cdh23(ϩ68) and Cdh23(Ϫ68) coimmunoprecipitated hemagglutinin epitope tag (HA) epitope-tagged full-length murine MAGI-1c (Fig. 1 A) . Likewise, myc epitope-tagged full length MAGI-1c protein coimmunoprecipitated the cytoplasmic domains of both HA epitopetagged Cdh23(ϩ68) and Cdh23(Ϫ68) (Fig. 1 B) . These results confirmed the initial yeast two-hybrid findings and show the interaction between MAGI-1c and Cdh23 are independent of the exon 68 splice variant.
PDZ4 of MAGI-1 and the C-terminal PDZ domain-binding site of Cdh23 mediate the interaction between the two proteins
To elucidate the specific region of MAGI-1c that interacts with Cdh23, we expressed individual domains as EGFP fusion pro- teins and examined their interaction with Cdh23 by coimmunoprecipitation. Binding occurred only when the MAGI-1 PDZ4 domain was used, whereas other domains, including the MAGI-1c-specific C terminus, did not interact with Cdh23 (Fig.  2 A,B) . When we deleted PDZ4 from the full-length MAGI-1c protein, we abolished coimmunoprecipitation with Cdh23 (Fig. 2C) . These experiments show that the interaction between the cytoplasmic domain of Cdh23 and MAGI-1 happens via MAGI-1's PDZ4 domain, and that MAGI-1-PDZ4 is both sufficient and essential for this interaction. Our results further confirm that the interaction is independent of exon 68, and that all three MAGI-1 splice variants are potential interaction partners of Cdh23 because they all share identical PDZ4 domains.
We next sought to identify the region of Cdh23 that is essential for binding of MAGI-1. When we truncated Cdh23 directly after exon 68, binding to MAGI-1-PDZ4 was abolished (Fig. 3A,B) . Conversely, the C terminus starting directly after exon 68 displayed strong binding to MAGI-1-PDZ4. The last four amino acids of the Cdh23 protein sequence "ITEL" form a class-I PDZ-binding interface (Sheng and Sala, 2001 ), which has previously been shown to mediate binding to the PDZ2 domain of harmonin (Siemens et al., 2002) . Deletion of these four amino acids from Cdh23's C terminus eliminated the interaction with MAGI-1-PDZ4 (Fig. 3A,B) . We consequently conclude that the four C-terminal amino acids of Cdh23 are essential for binding to MAGI-1.
Neither MAGI-2 nor MAGI-3 are able to bind to Cdh23 MAGI-1 displays substantial sequence similarity with the two other known MAGI proteins MAGI-2 and MAGI-3. This sequence similarity raised the question of whether the PDZ4 domains of MAGI-2 and MAGI-3, which share 71% and 61% identity with the PDZ4 domain of MAGI-1, might also mediate binding with Cdh23 (Fig. 4 A) . This possibility was further supported by a study that showed binding of MAGI-1, MAGI-2, and MAGI-3 PDZ4 domains to the Notch ligand Delta (Wright et al., 2004) . We conducted coimmunoprecipitation experiments with myc epitope-tagged PDZ4 domains of MAGI-1, MAGI-2, and MAGI-3 in conjunction with HA epitope-tagged Cdh23 C terminus. Robust coimmunoprecipitation occurred only in the presence of MAGI-1 PDZ4, (Fig.  4 B) , which suggests that MAGI-1 is the only MAGI protein capable of binding to Cdh23.
MAGI-1 and harmonin can bind to Cdh23 when both are present
It has been previously suggested that Cdh23 and harmonin bind to each other and that the majority of this binding is mediated by the internal PDZ domain-binding site of harmonin, which is interrupted in Cdh23(ϩ68) isoforms (Siemens et al., 2002) . The same study also implicated the C-terminal PDZ-binding site of both Cdh23 isoforms as a harmoninbinding site, albeit with a substantially reduced efficacy. This raised the question of whether MAGI-1 would be able to bind Cdh23 in the presence of harmonin. To answer this question, we immunoprecipitated Cdh23(Ϫ68) and Cdh23(ϩ68) isoforms in the presence of harmonin and MAGI-1's PDZ4 domain. Both harmonin and MAGI-1's PDZ4 domain were robustly coimmunoprecipitated with the Cdh23(Ϫ68) isoform (Fig. 5) , indicating that when both proteins are present, they are able to bind to this Cdh23 variant. PDZ4 of MAGI-1 was able to strongly bind to Cdh23(ϩ68), whereas harmonin . MAGI-1 and harmonin bind Cdh23(Ϫ68), but only MAGI-1 strongly interacts with Cdh23(ϩ68). Top three rows, Inputs: lysates of transfected HEK293 cells expressing HA-tagged harmonin (first row, anti-HA), EGFP-MAGI-1-PDZ4 (second row, anti-GFP), and MycCdh23(ϩ68) and Cdh23(Ϫ68) isoforms (third row, anti-Myc). Bottom three rows (IP), After equal amounts of the lysates were mixed, monoclonal anti-myc antibody was used to immunoprecipitate myc-tagged Cdh23 isoforms (sixth row, anti-Myc). MAGI-1 coimmunoprecipitated with both Cdh23 isoforms (fifth row, anti-GFP), whereas harmonin displayed strong binding to Cdh23(Ϫ68), but not Cdh23(ϩ68) (fourth row, anti-HA).
binding appeared to be weaker, which is in agreement with a previous study (Siemens et al., 2002 ) and suggestive of a potential preferential interaction of the Cdh23(ϩ68) isoform with MAGI-1.
MAGI-1a and MAGI-1c isoforms are expressed in the inner ear
The fact that we isolated MAGI-1c from a chicken cochlear cDNA library suggested that this isoform and possibly other MAGI-1 splice variants are expressed in the inner ear. To determine the specific C-terminal MAGI-1 isoforms that occur in the inner ear, we conducted an isoformspecific RT-PCR analysis. We found transcripts representing MAGI-1a and MAGI1c, but not MAGI-1b, in the mouse organ of Corti (Fig. 6 ). In the vestibular maculae and in the spiral ganglion, we detected all three known MAGI-1 splice variants. Overall, MAGI-1c was ubiquitously detectable, whereas MAGI-1a and MAGI-1b were more restrictively expressed. A parallel analysis of the exon 68 splice variant expression of Cdh23 confirmed the results of previous reports (Di Palma et al., 2001a; Siemens et al., 2004 ) that exon 68 is specifically expressed in inner ear sensory epithelia (Fig. 6 ).
MAGI-1 is a stereociliary protein
Our RT-PCR analysis showed that MAGI-1 mRNA is detectable in the organ of Corti and the epithelial maculae of the vestibular system. In addition, a recent publication identified MAGI-1 transcripts in purified zebrafish hair cells (McDermott et al., 2007) . Based on this information, we hypothesized that MAGI-1 is present in murine hair cells, and we consequently focused on testing whether MAGI-1 protein is detectable in stereocilia, which is where one would expect to find a protein that interacts with the stereociliary protein Cdh23.
In whole-mount preparations of postnatal day 3 organs of Corti, an antibody to MAGI-1-labeled hair-cell stereocilia (Fig.  7A) . Inner hair-cell stereocilia displayed weaker immunolabeling when compared with outer hair-cell stereocilia. At this early neonatal time point, when the hair bundles are still maturing, MAGI-1 appeared to be located along the stereociliary shafts, as well as in a pattern of stronger punctuate immunofluorescence (Fig. 7C) . We also observed MAGI-1 immunoreactivity associated with the disappearing cochlear hair cells' kinocilia, which is not visible in the optical section shown in Figure 7C . Antibodies to Cdh23 revealed a comparable staining pattern of P3 cochlear hair cells (Fig. 7D ). This Cdh23 distribution is similar to the previously reported localization of Cdh23 in neonatal mouse organ of Corti hair cells (Lagziel et (ϩ68) mRNA is detectable only in inner ear tissue; Cdh23(Ϫ68) displays a more wide spread expression. Middle, MAGI-1a and MAGI-1b expression appears to be strongest in nervous tissue, and MAGI-1c is expressed in all tissues/organs investigated. Bottom, ␤-Actin specific primers were used for the RT-PCR template control.
punctate and detectable in stereocilia of inner as well as outer hair cells (Figs. 8, 9 ). MAGI-1 immunoreactivity was not restricted to hair-cell stereocilia and was also detectable in junctional complexes in the organ of Corti, presumably tight junctions, and in the cuticular plates of cochlear hair cells (Fig. S3 , available at www.jneurosci.org as supplemental material). MAGI-1's stereociliary distribution is compatible with a potential function as a Cdh23 binding partner because Cdh23 immunoreactivity in mature hair cells also appears in a punctate pattern, where it has been shown to be associated with tip links (Kazmierczak et al., 2007; Siemens et al., 2004) .
Discussion
In this study, we identified MAGI-1 as a binding partner of the stereociliary protein Cdh23. We show that the avian and the murine orthologs of the two proteins are able to bind to each other. We mapped the interaction and showed that PDZ4 of all MAGI-1 isoforms is essential and sufficient for binding. For Cdh23, we demonstrated that the protein's intracellular C-terminal region is sufficient for binding MAGI-1, and that the C-terminal amino acids "ITEL," which form a class-I PDZ-binding interface (Sheng and Sala, 2001) , are essential for binding to MAGI-1's PDZ4 domain. The interaction between Cdh23 and MAGI-1 is independent of the alternatively spliced exon 68, which has been shown previously to disrupt a strong binding site for the PDZ1 domain of the Usher protein harmonin (Siemens et al., 2002) .
Alternative splicing and the Cdh23-harmonin complex It has been proposed that Cdh23 harbors two independent binding sites for the three-PDZ-domain protein harmonin (Siemens et al., 2002) . Site one is located internally in the C-terminal region and binds to harmonin's PDZ1, whereas the four most C-terminal amino acids of Cdh23 make up a second binding site for harmonin, mediated by PDZ2. Binding efficacy at this second site has been approximated at 10% of the binding efficacy between Cdh23's internal PDZ binding site and harmonin's PDZ1 domain (Siemens et al., 2002) . Nevertheless, the binding of harmonin's PDZ2 to Cdh23 has been independently verified (Boëda et al., 2002) and was also consistently detectable in our study. The internal binding site for harmonin's PDZ1 is disrupted in the Cdh23(ϩ68) splice variant expressed by hair cells, which spurred the hypothesis that the presumptive Cdh23-harmonin complex is regulated by alternative splicing. Based on this hypothesis, a model had been put forward in which the predominant retinal Cdh23(Ϫ68) isoform interacts strongly with harmonin simultaneously via PDZ1 and PDZ2 (Siemens et al., 2002) . In this retinal complex, harmonin's PDZ1 domain is unavailable for self-multimerization. Conversely, the hair-cell Cdh23(ϩ68) isoform cannot bind harmonin's PDZ1, and it has been speculated that a hair-cell Cdh23-harmonin complex consists of Cdh23(ϩ68) variants that bind harmonin via PDZ2. Because this configuration allows for harmonin self-multimerization via PDZ1 and harmonin's C terminus, it would allow the hair-cell Cdh23(ϩ68)-harmonin complex to cluster Cdh23 proteins. Nevertheless, the interaction between the Cdh23 C terminus and harmonin's PDZ2 has been described as relatively weak when compared with the interaction with harmonin's PDZ1 (Siemens et al., 2002) .
MAGI-1 binds to the Cdh23(؊68) and Cdh23(؉68) isoforms
We hypothesize that MAGI-1, based on its subcellular localization in hair-cell stereocilia and its robust binding characteristics, is an additional, and possibly, an alternative binding partner for Cdh23. For the Cdh23(Ϫ68) isoform, three potential configurations are possible in which Cdh23 interacts with harmonin, with MAGI-1 (Fig. 10 A) , or potentially with both proteins at the same time. We have conducted coimmunoprecipitation experiments to explicitly test for a Cdh23(Ϫ68)ϪharmoninϪMAGI-1 complex, but we found no evidence supporting a scenario in which Cdh23 binds harmonin and MAGI-1 simultaneously (data not shown). Based on this, we speculate that harmonin's PDZ1 domain cannot bind well to Cdh23's internal PDZ-binding site when Cdh23's C-terminal binding site is occupied by MAGI-1.
In the alternatively spliced hair-cell-specific configuration, we propose a strong interaction of Cdh23(ϩ68) with MAGI-1. As proposed previously (Siemens et al., 2002 ), harmonin's PDZ2 domain is able to bind Cdh23's C terminus, and we found that this interaction is clearly detectable, even in the presence of competing MAGI-1, suggesting that a Cdh23(ϩ68)-harmonin complex could co-exist with a Cdh23(ϩ68)-MAGI-1 complex. This means that Cdh23(ϩ68) is able to interact either with harmonin or with MAGI-1, but not with both proteins simultaneously (Fig. 10B) .
MAGI-1 interacts with the USH protein network and is a candidate for providing a strong link between the tip link and the cytoskeleton Cdh23 has been associated with at least three structural elements of hair-cell stereociliary bundles. In developing hair cells, the protein localized to transient lateral links and kinociliary links; in mature hair cells, Cdh23 has been put forward as a component of tip links (Siemens et al., 2004; Lagziel et al., 2005; Michel et al., 2005; Kazmierczak et al., 2007) .
The USH protein harmonin has been proposed as the central scaffolding organizer in stereocilia providing a link between the cytoplasmic domains of USH proteins Cdh23, Pcdh15, VLGR1, and usherin, purportedly with the F-actin core of stereocilia (Adato et al., 2005b; El-Amraoui and Petit, 2005; Reiners et al., 2005) . Based on its multiple PDZ-based interactions with many stereociliary proteins, it is well accepted that harmonin fulfills a central stabilizing scaffolding role for USH protein complexes. A recent study reported an association of harmonin with actin filaments, an interaction that could be direct or indirect via an interaction with myosin VIIA (Boëda et al., 2002) .
Based on its many protein interaction domains, we hypothesize that MAGI-1 is also an attractive stereociliary scaffolding protein. MAGI-1 is probably not a USH syndrome candidate protein because it displays a more widespread expression pattern than the USH proteins, which are predominantly expressed in the eye and the inner ear. Nevertheless, MAGI-1 has been associated not only with scaffolding functions at sites of cellular attachment including tight and adherens junctions, but also with the postsynaptic orchestration of protein interactions at the differentiating neuromuscular junction (Ide et al., 1999; Mino et al., 2000; Strochlic et al., 2001; Sakurai et al., 2006) . Furthermore, it has been proposed that MAGI-1 interacts with ␤-catenin, synaptopodin, and ␣-actinin-4 (Dobrosotskaya and James, 2000; Patrie et al., 2002) , thereby providing a potential link between the unconventional Cdh23 and the cytoskeleton. Such a link might be important not only during assembly of links, but also in the mature hair bundle when mechanical loads between individual stereocilia have to be conveyed to the actin core of the stereociliary bundle. More recently, caspasemediated cleavage of MAGI-1 has been put forward as an important step for epithelial cell-cell detachment in apoptosis (Gregorc et al., 2007; Ivanova et al., 2007) , which indicates that MAGI-1-mediated scaffolding is able to provide a strong mechanical backbone at plasma membrane contact sites.
Our immunocytochemical analysis of MAGI-1 expression demonstrated MAGI-1 immunoreactivity throughout neonatal stereocilia and kinocilia, and in a punctate pattern in stereocilia of adult mice. This distribution is in agreement with an interaction with Cdh23, which is detectable in the neonatal stereocilia and kinocilia, as well as prominent punctate immunolabeling associated with the tip links of mature hair cells in adult animals (Siemens et al., 2004; Lagziel et al., 2005; Michel et al., 2005; Kazmierczak et al., 2007) . We tested for antibody specificity by blocking the primary antibody with peptides that cover the antigen used for the immunization. In addition, we have confirmed the immunostaining shown in Figures 8  and 9 with two additional antibodies (data not shown; see Materials and Methods).
We hypothesize that MAGI-1 displays a more efficient binding and is a more suitable scaffolding partner for Cdh23(ϩ68) when compared with harmonin. In this context, we propose that MAGI-1 has the ability to replace harmonin in stereociliary structures that contain the Cdh23(ϩ68) isoform. MAGI-1 expression persists in mature stereocilia, whereas punctate expression of the ear-specific harmonin b isoform ceases in cochlear hair cells after postnatal day 30, whereas other harmonin isoforms are detectable in the cuticular plate and along the length of stereocilia in older animals (Boëda et al., 2002) . Although MAGI-1 was robustly detectable in stereocilia of 12-week-old mice, its punctate immunostaining pattern appeared less organized than the reported Cdh23 immunolabeling of adult cochlear hair cells (Siemens et al., 2004; Kazmierczak et al., 2007) .
Based on these considerations, we suggest that MAGI-1 coexists with harmonin during stereociliary development and that it may replace harmonin in some protein complexes in mature stereocilia. Because the Cdh23(ϩ68) isoform has been put forward as a component of stereociliary tip links, we hypothesize that MAGI-1 could be associated with the intracellular domain of Cdh23(ϩ68) beneath the plasma membrane, at the lateral insertion points of tip links. Here, MAGI-1 might provide a sturdy link with the cytoskeleton and other components of the mature haircell transduction complex. 
